Geomagnetic induction vectors were calculated at the IMAGE magnetometer stations in Fennoscandia using hundreds of four-hour events of quiet time variations, and of magnetic storms due to eastward and westward electrojets. Quiet time vectors were found to be very similar to those calculated previously using a set of carefully selected plane wave events. Due to the source effect during electrojet events, the average direction of the induction vectors may rotate tens of degrees compared to the quiet time. The length generally increases tens of percent, but at the stations MAS and SOR near the electrojet and highly-conducting anomalies, a decrease is observed. If the quiet time induction vector is longer than about 0.50 then the source effect does not affect the direction of the vector remarkably even if the length may change considerably. If the conductivity anomaly is weaker (quiet time vector shorter than about 0.30) then the source effect dominates near the electrojet (PEL, MUO, KEV, KIL), but is less important farther away (NUR, OUJ). If a large number of magnetically quiet events are available of local morning hours, no special reduction of the source effect is needed in the research area.
Introduction
The basic assumption in geomagnetic induction vector studies is that the primary inducing field is laterally uniform, i.e. it satisfies the plane wave criterion. The vertical component of the magnetic field variation at the earth's surface is then only due to currents induced in lateral inhomogeneities of the earth's conductivity. The ratio of the vertical component to the horizontal one thus yields information of the earth's structure.
However, this interpretation fails if the plane wave assumption is not valid. The problem is then to distinguish between the anomalous earth currents and inhomogeneous ionospheric currents. The effect of the latter is called the source effect (e.g. Price, 1962; Srivastava, 1965; Beamish, 1979; Quon et al., 1979; Gough and De Beer, 1980; Mareschal, 1981; Osipova et al., 1989) . In this paper we discuss the source effect on geomagnetic induction vectors.
We used data recorded by the IMAGE magnetometer network in Fennoscandia in and near the auroral region (Fig. 1; Luhr, 1994) . Induction vectors were calculated from a time series of the magnetic field components covering both quiet and active geomagnetic intervals. In a recent study, calculated the induction vectors at the IMAGE stations using a small ensemble of carefully selected plane wave events. They also discussed briefly the behaviour of the vectors during an intense magnetic storm. Here we extend that study to long time series, now using single events. Anderson et al. (1976 Anderson et al. ( , 1978 ) studied a 12-day sequence of induction vectors and found that averaging over long intervals does not necessarily remove the source effect. Viljanen et al. (1993) discussed theoretically source effects and found similarly that there is no simple averaging method to reduce the source effect. However, we will show that if a large number of data is available, "minimal source effect" induction vectors can be determined using quiet time events . We also Ufl~.~ 60° l Fig. 1 . IMAGE magnetometer stations used in this study (Luhr, 1994) . demonstrate that strong conductivity anomalies are detectable even if the source field is clearly non-uniform.
Results

Induction vectors
Induction vectors were calculated using four-hour events in the time interval December 1992-April 1995 (880 days) at IMAGE stations. The vectors were computed by the time-domain method of Wieladek and Ernst (1977) , which is briefly described in Appendix. The data sampling interval was 10 s. Three different geomagnetic situations were considered: 1) Quiet time events during local morning (4-8 UT).
2) Events of moderate activity during local evening (14-18 UT).
3) Events of moderate activity around local midnight (21-01 UT). The selection of the specific times is justified in Subsection 2.2. For brevity, we call 2) and 3) eastward and westward electrojet events, respectively, because the geomagnetic activity of the selected times in this region is mainly produced by the electrojets.
We did not use all above-defined events of the whole 880-day period. To emphasize the difference between variations of various types, we set an additional condition concerning the local activity. We required that the maximum peak-to-peak variations of the geographic north and east components of the magnetic field (I X I and Y 1) were smaller than 100 nT for quiet events, and of I X I or I Y I greater than 100 nT for electrojet events. The number of usable events at each station is given in Fig. 3 . selected plane wave events requiring a high spatial uniformity of X and Y, which was found to be a very strict condition. The selection rule applied here concerns one station at time, so it is much less restricting, and allows for using a remarkably larger number of events. Note that "electrojet event" does not necessarily mean here that a well-developed electrojet occurred, but that the local activity level was at least moderate, and higher than during quiet events. We present here only the reversed real induction vector that is interpreted to point towards concentrations of telluric currents. (If the anomalous behaviour of Z were purely due to ionospheric currents then the vector would point away from them.) Results at MUO are shown in Fig. 2 as histograms of the magnitude and the direction of the induction vector during eastward electrojet events. In Fig. 3 we show magnitudes of vectors at all stations. Standard deviations of the lengths are indicated too. Figure 4 illustrates the average directions of reversed vectors. The location of a typical electrojet is also shown (see Subsection 2.2). The periods shown are 64, 427 and 1280 s.
The results of Hankasalmi (HAN) are not of good quality (Fig. 3 ), which is due to an artificial anomaly at least partly caused by the nearby STARE radar . So we ignore HAN in the detailed discussion, and do not show it in Fig. 4 . (However, HAN data are usable for electrojet studies. The quality of recordings was also improved later in 1995.)
We find the following main features: 1) Results for quiet events generally agree very well with the results by .
2) Lengths of induction vectors are less scattered for quiet events than for electrojet events.
3) Lengths of induction vectors are usually longer for electrojet events than for quiet events, except at MAS and SOR. In most cases the relative difference increases with period.
4) Average directions of induction vectors are changed more at long periods than at short periods. In most cases vectors are rotated anticlockwize from the direction corresponding to quiet events. However, no systematic rule can be found. situation seems random, and the scatter of directions is also large (cf. Fig. 2 ).
Location of auroral electrojets
To interpret the differences between the quiet and stormy time induction vectors, we need information of the amoral electrojets. They can be located with the following method. Assume that the electrojet flows into the y-direction and has a symmetric distribution of the transverse current density. It follows that 1) Under the centre of the current I X I reaches its maximum, and the vertical component Z is zero.
2) Approximate boundaries of the electrojet are given by the sites where I X I is half of its maximum, and Z reaches its maximum (or minimum).
This holds, for example, in a line current equivalent model widely used in electrojet studies (e.g. Maurer and Theile, 1978; Liihr et al., 1994) . More generally, if the characteristic points can be found, they determine the zone inside which the main flow of the current occurs. The direction of the external current is obtained by rotating the average horizontal variation vector 90 degrees clockwise.
In this connection, induction effects on X (and Y) can be neglected because near the electrojet the primary horizontal field is always dominating over the internal induced field as shown by , and further confirmed by Viljanen and Szarka (1995) . Concerning the vertical field, we have found that due to the ocean effect, the average zero point of Z is about 0.3 degrees south of the maximum of I X 1, so the centre can be localized also by using Z. There is always a maximum or minimum of Z close to SOR. However, it does not usually imply the northern boundary of the electrojet, but is the well-known increase of the coastal Z.
The quiet time base line was visually selected separately for each day, using the same interval for all stations (typically one hour during the local morning). For each profile NUR-SOR (omitting KIL and KEV), we then determined the characteristic points defined above. Using a set of 267 days of IMAGE data of one minute sampling interval, we found the following features for events of moderate activity (maximum of X of a profile between 100 and 500 nT):
1) The most probable time to observe eastward electrojets is 14-19 UT; for westward currents it is 20-02 UT. So our selections in Subsection 2.1 for eastward and westward electrojet events are reasonable. During local morning hours (like 4-8 UT) the geomagnetic activity is normally low without any pronounced electrojet activity above Fennoscandia.
2) When above the continent, the average centre of the eastward electrojet lies between 68 and 69 degrees in the geographical latitude, and the centre of the westward current is quite constantly at 68 deg. However, in about 40 % of acceptable profiles the maximum of X I occurs at SOR, which means that the centre is then above the Arctic Ocean. So the location of the electrojet sketched in Fig. 4 must be regarded as a typical one, not the average one.
3) The half-widths of the electrojets are about 3 latitudinal degrees (about 300 km) as determined by using the centre and the southern boundary. The northern boundary is nearly always above the Arctic Ocean, and not detectable by the NUR-SOR chain. The transverse current distribution is not necessarily symmetric with respect to the current centre (in Fig. 4 , a symmetric case is assumed).
4) The eastward electrojet flows nearly exactly to the geographical east direction (deviated 5 degrees to N), and the westward current about to WSW (deviated 13 degrees to S). Our results agree well with those by Rostoker and Phan (1986) who used hourly averaged values of the magnetic field. It seems that the main features are not sensitive to the sampling interval. For higher activity levels than discussed above, eastward electrojets are rare, and westward currents still have quite similar characteristics as described above.
Additionally to the main electrojet, there are a lot of other structures like field-aligned currents and current vortices. Further studies of auroral currents are left for a later work, in which IMAGE/Svalbard data will be included too.
Discussion
Let us now discuss the main results listed in Subsection 2.1:
Source Effect on Geomagnetic Induction Vectors in the Fennoscandian Aurora) Region 1007 1) Events yielding "a minimal source effect" can be selected simply by taking local morning events with sufficiently small amplitudes of field variations at the station considered.
2) Consistently with the first point, lengths of vectors then have small standard deviations. This further supports the fact that morning events resemble plane wave events.
3) Large scatter of the lengths of vectors for electrojet events can be understood due to the great variation in the spatial distribution of the currents (cf. Figs. 2a-c of Anderson et al., 1978) . The observed increase of the source effect as a function of the period has also been demonstrated in several theoretical works (e.g. Quon et al., 1979; Osipova et al., 1989; Viljanen et al., 1993) . 4) Changes in directions are also clearly due to the source effect. 5) In the following, a "strong" anomaly means that the quiet time induction vector is longer than about 0.50. The effects of such anomalies dominate over the source effect even near the electrojet (MAS and SOR; Fig. 4) . If the anomaly is "moderate" with vector lengths about 0.30 then the stations near the electrojet are affected by the source (cf. KEV against NUR and OUJ; Fig. 4 ).
Although the results axe understandable in a general level, there are open questions of the detailed structure of the source effect:
1) Comparing to quiet time events, why do the lengths of induction vectors decrease at some sites (MAS, SOR), and increase at some other sites (NUR, OUJ, PEL, MUO, KIL, KEV) during electrojet events? According to a simple sheet current model, induction vectors of stations under the electrojet should be short because Z is there small, and X and Y are large. This would explain the behaviour at MAS and SOR, but nearby stations KIL and KEV show contradictory results.
2) Why are there differences between eastward and westward electrojet events? Differences in the directions in Fig. 4 are at many sites larger that the difference between the directions of the average eastward and westward electrojets (about 8 degrees). Also lengths differ at the long period 1280 s (Fig. 3(c) ). Explanations could be different transverse current distributions of electrojets, more complicated features like field-aligned currents and vortices, or effects of distant currents above the Arctic Ocean and Svalbard.
Comparison of induction vectors between quiet and electrojet events is not straightforward because it is generally not correct to vectorially add induction vectors associated with two distinct anomalies to give a resultant vector for the combined structure (Weaver and Agarwal, 1991) . So we cannot subtract induction vectors of a plane wave event from an electrojet event to get vectors for an electrojet above a non-anomalous earth. For example at PEL at T=427 s or 1280 s (Fig. 4(b)-(c) ), such a subtraction would cause the resultant vectors to point more or less towards the electrojet. Ideally, with our sign convention, they should point away from the current. Agarwal and Weaver (1990a) studied the Indian peninsula using a thin-sheet model in which a poorly-conducting continent was partly surrounded by a highly-conducting ocean. They assumed an electrojet with a Gaussian transverse current density distribution. The current flew above the head of the peninsula, the situation thus being similar to the one in northern Fennoscandia. In their Tables 1 and 2, they found that the ratio Z/H slightly decreased (compared to the plane wave case) at stations near the coast and the centre of the electrojet (cf. MAS and SOR). Farther inland, the ratio clearly increased (and changed its sign). When they combined the electrojet and the plane wave (in their Table 3 ), the situation near the coast and the electrojet did not change from the pure electrojet case. On the other hand, farther inland the increase now became clearly smaller, i.e. the source effect nearly disappeared. This is at least partly in qualitative accordance with our results, although the ratio Z/H is not directly comparable with the induction vector. The source effect on geomagnetic induction vectors can be clearly seen at recording sites at and near the amoral region. However, if the conductivity anomalies are strong enough then they can be reliably detected even during geomagnetic storms with inhomogeneous source fields. We call here an anomaly strong if the associated real induction vector is longer than about 0.50 during quiet times. Then the average direction of the vector usually varies within 20 degrees compared to quiet events, although the length may still be quite variable. The effect of nearby strong conductivity anomalies is evidently more dominating than the source effect due to electrojets whose distance is at least 100 km (= height of the ionosphere).
The removal of the source effect at amoral latitudes is still an open question. As seen in this study, contradictory behaviour of the magnitudes of induction vectors occur at nearby stations, and directions of vectors may differ much depending on the local time. Dissimilarities between eastward and westward electrojet events indicate that the currents have differences in their spatial structures. As a practical rule, use of data of magnetically quiet morning hours seems to give induction vectors, which give good approximations for the "source-effect-free" plane wave vectors.
Methods to reduce source-effect at mid-latitudes (like NUR) have been proposed by Beamish (1979) and Egbert and Booker (1986) , but have evidently not yet tested at auroral latitudes. Theoretical modelling as by Agarwal and Weaver (1990a,b) could also yield new information of the source effect when a complicated earth model is considered together with a strongly inhomogeneous source field.
We used here data of the IMAGE magnetometer stations in Fennoscandia. As a continuation of this study, we plan to consider also the five IMAGE stations in the Svalbard region whose data are available since October 1993. This area is different from Fennoscandia because it is often covered by two antiparallel electrojets, or one electrojet having sometimes a antisymmetric transverse current distribution. So before calculating the induction vectors there, we have to investigate in details both the spatial and temporal structure of the electrojets.
Induction vector calculations were based on a computer program originally written by Kirsti Kauristie (Finnish Meteorological Institute). Dr. Risto Pirjola (Finnish Meteorological Institute) and the referees are acknowledged for useful comments on the manuscript. IMAGE magnetometer data used in this study were produced as a joint German-Finnish project conducted by the Technical University of Braunschweig, Germany. where k = m + 1, ..., n; r < m; p <; s < m, and vk's are errors (assumed to be white noise) and Xj, Yj, and Zj are the measured values. The usual convention for the north (X), east (Y) and vertical (Z) magnetic field components is used. d and e are coefficients related to possible linear trends, and a" b" and cj are the unknown impulse responses to be solved. The upper limits of the sums (r, s, p) are first determined with a modified maximum entropy method by Wieladek et al. (1975) , and then the impulse responses (and coefficients d and e) are solved with the method of least squares. The Fourier transforms of the impulse responses (a, b, c) are called transfer functions A, B, and C, respectively. An estimation of their accuracy is obtained by calculating covariance matrices of the real and imaginary parts of the ratios B/A and C/A. For a detailed description about the error estimation and determining the coefficients d, e, r, s, and p, see Wieladek and Ernst (1977) , noting that they have a different notation in Eq. (A.1).
By defining the complex transfer functions as F = -B/A and G = -C/A we obtain the equation Z(w) = F(w)X(w) + G(w) Y(w)
which is essentially the Fourier transform of (A.1). The reversed real induction vector Sre is defined as Sre = -Re(F(w))ex -Re(G(w))ey.
